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ABSTRACT
Detection of low-level oxacillin-resistant Staphylococcus aureus is a problem that needs special attention,
particularly in relation to methicillin-resistant S. aureus (MRSA) strains in the community that belong to
clonal lineage ST80. This study compared different phenotypic methods for the detection of 74 low-level
oxacillin-resistant S. aureus strains (oxacillin MIC £1 mg ⁄L), 46 MRSA strains (oxacillin MIC ‡2 mg ⁄L)
and 117 methicillin-susceptible S. aureus strains. Determination of microbroth dilution MICs for oxacillin
was wholly unsatisfactory, and gave a limited speciﬁcity for cefoxitin. The sensitivity of disk-diffusion
performed according to CLSI recommendations was 92% with an oxacillin 1-lg disk, and 96% with a
cefoxitin 30-lg disk; use of a 10-lg cefoxitin disk and a semi-conﬂuent inoculum (breakpoint for
resistance <18 mm zone diameter) gave a sensitivity of 97%. When disk-diffusion was performed on
IsoSensitest agar with a zone diameter breakpoint for resistance of <22 mm (as recommended by the
Swedish Reference Group for Antibiotics), the sensitivity was 95%.
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INTRODUCTION
Detection of methicillin resistance in routine
clinical bacteriology laboratories has been prob-
lematic ever since the emergence of methicillin
resistance in staphylococci during the early 1960s
[1]. The difﬁculties are associated mainly with
heterogeneous expression of methicillin resistance
in most of the methicillin-resistant Staphylococcus
aureus (MRSA) strains that are currently prevalent
[2], and with the emergence and detection of
variants with low-level resistance [3]. Therefore,
detection of the mecA gene responsible for meth-
icillin resistance, or its gene product, penicillin-
binding protein PBP2a, is considered to be the
reference standard for demonstration of methicil-
lin resistance.
In order to enhance the sensitivity of pheno-
typic methods, standard laboratory protocols
recommend the use of an increased inoculum
size and special media with disk-diffusion tests,
and the use of microbroth dilution assays to
determine MICs [4,5] (http://www.SRGA.org).
More recently, phenotypic detection methods
have been improved by the use of a cefoxitin
30-lg disk on Mueller–Hinton agar, with standard
inocula of 107 CFU ⁄mL (producing a conﬂuent
layer) and 106 CFU ⁄mL (producing a semi-
conﬂuent layer) [6,7]. Furthermore, cefoxitin 10-lg
disks have been evaluated [8] and implemen-
ted in the standard method of the Swedish
Reference Group for Antibiotics (SRGA) (http://
www.SRGA.org). The present study investigated
the performance of cefoxitin in enhancing the
sensitivity of phenotypic susceptibility testing in
relation to the detection of S. aureus strains with
low-level oxacillin resistance, particularly MRSA
strains in the community that belong to clonal
lineage ST80.
MATERIALS AND METHODS
Bacterial strains
In total, 2533 MRSA isolates that had been sent for typing to
the National Reference Centre for Staphylococci (Wernigerode,
Germany) during 2005 were tested for susceptibility to
oxacillin by microbroth dilution assays to determine MICs,
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tube tests for MRSA screening, and PCR assays for the mecA
gene (see below). All isolates were typed by means of SmaI
macrorestriction patterns, and selected isolates by multilocus
sequence typing. Of the 2533 isolates, 2528 originated from
infections in hospitals and the community throughout Ger-
many. Five isolates originated from infections in horses. In
order to check the speciﬁcity of susceptibility testing, a set of
117 oxacillin-susceptible, mecA-negative S. aureus (methicillin-
susceptible S aureus; MSSA) isolates was used; these isolates
were unrelated and were from cases of nasal colonisation and
various types of infection.
Susceptibility testing
Microbroth dilution assays for determination of MICs were
performed according to CLSI recommendations [4], using
cation-adjusted Mueller–Hinton broth BBL II (Becton Dickin-
son, Sparks, MD, USA). For disk-diffusion, isolates were tested
against oxacillin 1-lg disks, oxacillin 5-lg disks, cefoxitin 10-lg
disks and cefoxitin 30-lg disks: (i) with an inoculum yielding
semi-conﬂuent growth on IsoSensitest Agar (Oxoid, Basing-
stoke, UK), according to the Deutsches Institute fuˆr Normung,
Medizinische Mikrobiologie (DIN) [5] and the SRGA; and (ii)
with an inoculum yielding conﬂuent growth on Mueller–
Hinton BBL II agar (Becton Dickinson), according to CLSI
recommendations [4].
Screening for detection of MRSA was performed using
oxacillin–salt agar plates (Mueller–Hinton agar containing
NaCl 4.0% w ⁄v and oxacillin 6 mg ⁄L) [4] and Chromagar
MRSA (Becton Dickinson, Heidelberg, Germany). The plate
tests were incubated at 35 ± 2C, with an initial reading after
incubation for 24 h, and a second reading after incubation for
48 h.
The oxacillin–salt–sulbactam tube test [9] was performed
using 2 mL of Mueller–Hinton broth containing oxacillin
2 mg ⁄L and NaCl 2% w ⁄v, inoculated with c. 1 · 108 CFU.
Following incubation for 24 h at 35 ± 2C, turbidity was
considered to be indicative of oxacillin resistance. This test
detects low-level oxacillin-resistant, mecA-positive S. aureus,
but not borderline oxacillin-resistant S. aureus [9].
For control strains, the zone diameters (mean ± 2 SD) were
as follows: with a cefoxitin 10-lg disk and semi-conﬂuent
growth on Mueller–Hinton agar—ATCC 29213, 22 ± 2 mm,
ATCC 25923, 23 ± 2 mm, and ATCC 43300, 10 ± 1 mm; with a
cefoxitin 10-lg disk and conﬂuent growth on IsoSensitest
agar—ATCC 29293, 24 ± 2 mm, ATCC 25923, 25 ± 2 mm, and
ATCC 43300, 10 ± 2 mm; and with a cefoxitin 30-lg disk and
conﬂuent growth on Mueller–Hinton agar—ATCC 29213,
28 ± 2 mm, ATCC 25923, 27 ± 2 mm, and ATCC 43300,
12 ± 1 mm.
Microbroth MICs of oxacillin in Mueller–Hinton broth
were 0.25–0.5 mg ⁄L for ATCC 25923, 0.25–0.5 mg ⁄L for
ATCC 29213, and 4–8 mg ⁄L for ATCC 43300; microbroth
MICs of cefoxitin were 2–4 mg ⁄L for ATCC 25923, 1–2 mg ⁄L
for ATCC 29213, and 16–32 mg ⁄L for ATCC 43300.
Typing of MRSA isolates
The MRSA isolates were typed by macrorestriction analysis
following SmaI digestion of chromosomal DNA according to
the HARMONY protocol [10]. Selected isolates were also typed
by multilocus sequence typing as described by Enright et al.
[11]. Allelic proﬁles were assigned sequence types (STs) by
interrogating the multilocus sequence typing database for
S. aureus (http://www.mlst.net).
PCR assays
The lukS–lukF genes (coding for Panton–Valentine leukocidin)
were detected using the primers and PCR conditions described
by Lina et al. [12]. The mecA gene was detected as described by
Murakami et al. [13]. Amplicons were visualised following
electrophoresis on agarose gels and staining with ethidium
bromide.
PBP2a status
Expression of PBP2a was detected using a PBP2¢ latex
agglutination test kit (Oxoid) as recommended by the manu-
facturer.
RESULTS
Of the 2533 isolates investigated, 408 were mecA-
negative and 2125 were mecA-positive. Fig. 1(a)
shows the MIC distribution proﬁle of oxacillin.
The MIC of oxacillin was £0.5 mg ⁄L for 98% of
the mecA-negative isolates, and was ‡4 mg ⁄L for
75% of the mecA-positive isolates, 2 mg ⁄L for
21.6%, 1 mg ⁄L for 3.2%, and 0.5 mg ⁄L for 0.4%.
Thus, 25% of mecA-positive isolates would have
been scored as susceptible using the CLSI break-
point (‡4 mg ⁄L [4]), and 3.6% using the DIN
breakpoint (2 mg ⁄L [5]).
The 74 low-level oxacillin-resistant isolates
(66 with an MIC of 1 mg ⁄L and eight with an
MIC of 0.5 mg ⁄L) were of particular interest.
These isolates expressed PBP2a, as demonstrated
by the PBP2¢ agglutination test. When subjected to
molecular typing, the majority of these isolates
belonged to clonal lineages ST45 or ST80
(Table 1). The PCR for the lukS–lukF genes was
positive for all of the ST80 isolates.
When the 117 mecA-negative S. aureus isolates,
74 low-level oxacillin-resistant S. aureus isolates,
and 46 MRSA isolates (oxacillin MICs ‡2 mg ⁄L)
belonging to different clonal lineages were
subjected to disk-diffusion tests using the oxacil-
lin 1-lg disk, 65 of the 74 isolates with an MIC of
£1 mg ⁄L were classiﬁed as resistant according to
the CLSI standard, three were classiﬁed as inter-
mediately-resistant, and six were classiﬁed as
susceptible (Table 2), with a sensitivity of 92%
and a speciﬁcity of 95%. However, only seven of
the 74 low-level oxacillin-resistant isolates were
detected by the oxacillin disk test using the DIN
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standard (5-lg disk, semi-conﬂuent inoculum)
(Table 2). The oxacillin–salt agar screening test
and the oxacillin–salt–sulbactam tube test, both of
which use a larger inoculum, and the Chromagar
MRSA, recognised all 74 low-level oxacillin-resist-
ant isolates correctly. However, 68 of the 74
isolates were only recognised at the second
reading on oxacillin–salt agar after incubation
for 48 h.
The cefoxitin MIC proﬁle for MSSA and MRSA
isolates exhibiting various levels of oxacillin
resistance is shown in Fig. 1(b). Apart from three
isolates with an MIC of 2 mg ⁄L (oxacillin MIC
0.5 mg ⁄L), all other low-level oxacillin-resistant
S. aureus isolates had cefoxitin MICs ‡4 mg ⁄L.
There was an overlap of MICs for MSSA, among
which 24 isolates also exhibited an MIC of
4 mg ⁄L.
Disk-diffusion susceptibility tests with cefox-
itin, according to the CLSI standard (30-lg disk,
conﬂuent growth and interpretation of zone
diameters as £19 mm resistant, ‡20 mm suscept-
ible), classiﬁed 71 of the 74 low-level oxacillin-
resistant isolates as resistant (sensitivity of 96%)
(Table 2). As use of a 30-lg cefoxitin disk leads
to comparatively large inhibition zones that
could interfere with those of adjacent disks,
the use of 10-lg disks and a different interpret-
ation scheme was also evaluated (<18 mm
resistant, Mueller–Hinton agar, semi-conﬂuent
growth [8]). According to this scheme, 72 of the
74 low-level oxacillin-resistant isolates were
classiﬁed as resistant (sensitivity of 97%, speci-
ﬁcity of 98%). For the remaining two isolates,
there was an overlap with the inhibition zones
for 30 of the 117 mecA-negative isolates tested
(Table 2).
The SRGA standard (http://www.SRGA.org)
recommends use of IsoSensitest agar (<22 mm
resistant); the results obtained with cefoxitin 10-
lg disks and semi-conﬂuent growth according to
this standard are also shown in Table 2. Of the 74
low-level oxacillin-resistant isolates, four were
classiﬁed as susceptible, while two of the 117
MSSA isolates were classiﬁed as resistant (sensi-
tivity of 95%, speciﬁcity of 98%).
DISCUSSION
Susceptibility testing based on determining micro-
brothMICs of oxacillin and interpreting the results
according to currently established laboratory
standards (CLSI or DIN) carries the risk that
low-level oxacillin-resistant S. aureus isolates will
remain undetected, despite the fact that a consid-
erable portion of the low-level oxacillin-resistant
S. aureus isolates in the present study were com-
munity MRSA strains belonging to clonal lineage
Table 1. Multilocus sequence types (STs) of Staphylococcus
aureus isolates with microbroth oxacillin MICs of 1.0 mg ⁄L,
but which grew in screening tests and were mecA-positive
(n = 74)
Origin ST n
Community MRSA 80 33
22 2
Hospital MRSA 45 28
22 6
Equine MRSA 254 5
MRSA, methicillin-resistant S. aureus (mecA-positive).
400
98 66
460
1590
0.5 1.0 2.0 4.0
MICs (mg/L) of oxacillin
6
90
24
4 5
18
36
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19
6
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0.5 1 2 4 8 16 32 64
MICs (mg/L) of cefoxitin 
(a)
(b)
Fig. 1. (a) MICs of oxacillin for methicillin-susceptible
Staphylococcus aureus (MSSA; mecA-negative, open squares)
and for methicillin-resistant S. aureus (MRSA; mecA-posit-
ive, shaded squares) isolates. (b) MICs of cefoxitin for
MSSA (mecA-negative, open squares), for low-level oxacil-
lin-resistant MRSA isolates with oxacillin MICs £1 mg ⁄L
(mecA-positive, shaded squares), and for 46 MRSA isolates
with oxacillin MICs ‡2 mg ⁄L (mecA-positive, black
squares). Numbers of isolates are shown at the top of each
column.
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ST80, which represents the most widely dissemin-
ated communityMRSA lineage in Europe [12]. The
sensitivity of a disk-diffusion assay using a 1-lg
oxacillin disk, according to CLSI recommenda-
tions, for detection of low-level oxacillin-resistant
S. aureus was 92%, which is similar to the ﬁgure
reported by Felten et al. [6] for detection of MRSA
with pronounced heteroresistance, and also to
data concerning MRSA in Tunisia [14]. More
recent studies from Spain [15] and from the USA
[16] reported sensitivities of 94% and 98–100%,
respectively. Disk-diffusion tests using 5-lg oxa-
cillin disks and a semi-conﬂuent inoculum, accord-
ing to the DIN standard [5], were insufﬁciently
sensitive with respect to the detection of low-level
oxacillin resistance.MRSAscreening tests based on
higher inocula, according to CLSI recommenda-
tions, or on tube tests [9], detect low-level oxacillin
resistance reliably and should be used in parallel
with susceptibility tests based onuse of an oxacillin
disk and a semi-conﬂuent inoculum. In addition to
conventional screening tests, the use of selective
chromogenic agar media containing cefoxitin, e.g.,
Chromagar MRSA, was successful.
The CLSI has not yet recommended MIC
breakpoints for cefoxitin. According to the pre-
sent results, breakpoints of £4 mg ⁄L for suscept-
ible and ‡8 mg ⁄L for resistant isolates, as
suggested by Swenson et al. [16], would classify
nearly 12% of the low-level oxacillin-resistant
S. aureus isolates investigated as susceptible.
However, a resistance breakpoint of ‡4 mg ⁄L
would falsely classify 21% of MSSA isolates as
resistant. A sensitivity of 96% was obtained for a
Table 2. Oxacillin and cefoxitin MICs vs. inhibition zones for methicillin-susceptible Staphylococcus aureus (MSSA),
methicillin-resistant S. aureus (MRSA) with low-level oxacillin-resistance, and MRSA with oxacillin MICs ‡2 mg ⁄L (bold
vertical lines indicate interpretive zone diameters)
Test conditions
Category of
isolates
MIC (mg ⁄L)
No. of
isolates
Inhibition zones (mm)
Oxacillin Cefoxitin <10 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
(A) Conﬂuent inoculum,
Mueller–Hinton agar,
oxacillin 1-lg disk,
CLSI standard
MSSA, mecA– 0.5 114 6 3 6 15 15 21 9 6 9 6 8 10
1.0 3 1 1 1
MRSA, mecA+ 0.5 8 6 1 1
1.0 66 58 1 1 2 2 2
MRSA, mecA+ 2.0 4 4
‡4.0 42 42
(B) Semi-conﬂuent
inoculum,
Mueller–Hinton
agar,oxacillin 5-lg disk
DIN standard
MSSA, mecA– 0.5 114 3 12 6 12 6 15 6 54
1.0 3 3
MRSA, mecA+ 0.5 8 1 1 2 1 1 1 1
1.0 66 4 3 4 4 2 9 6 4 6 5 11 4 2 2
MRSA, mecA+ 2.0 4 4
‡4.0 42 14 18 10
(C) Conﬂuent
inoculum,
Mueller–Hinton
agar,
cefoxitin 30-lg disk
CLSI standard
MSSA, mecA– 1.0 6 6
2.0 87 3 6 18 18 36 3 3
4.0 24 6 9 6 3
MRSA, mecA+ 2.0 3 1 2
4.0 5 1 1 2 1
8.0 18 2 1 2 4 2 2 4
16.0 36 1 1 5 9 6 9 5
‡32.0 12 10 1 1
MRSA, mecA+ ‡32.0 46 12 9 9 11 3 2
(D) Semi-conﬂuent
inoculum, Mueller–
Hinton agar, cefoxitin
10-lg disk
MSSA, mecA– 1.0 6 3 3
2.0 87 3 15 9 12 9 12 12 15
4.0 24 3 9 3 9
MRSA, mecA+ 2.0 3 2 1
4.0 5 2 2 1
8.0 18 7 2 2 2 3 1 1
16.0 36 12 6 5 6 4 1 1 1
‡32.0 12 12
MRSA, mecA+ ‡32.0 46 32 6 2 1 2 3
(E) Semi-conﬂuent inocu-
lum, IsoSensitest agar,
cefoxitin 10-lg disk,
SGRA standard
MRSA, mecA– 1.0 6 1 2 2 1
2.0 87 1 1 1 6 3 20 25 19 10 1
4.0 24 1 9 6 3 2 2 1
MRSA, mecA+ 2.0 4 1 2 1
4.0 5 1 1 1 1 1
8.0 17 2 1 1 3 2 2 4 1 1
16.0 36 7 7 2 3 3 1 5 2 5 1
‡32.0 12 12
MRSA, mecA+ ‡32.0 46 21 11 6 2 3 2 1
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disk-diffusion test using cefoxitin 30-lg disks,
conﬂuent growth and Mueller–Hinton agar
according to CLSI recommendations. This is in
agreement with the report concerning Tunisian
MRSA [14], whereas sensitivities of 99–100%
were reported for MRSA isolates from the USA
[16] and from Spain [15].
A slightly higher sensitivity was obtained using
a 10-lg cefoxitin disk, a semi-conﬂuent inoculum,
Mueller–Hinton agar and zone diameter inter-
pretation according to Skov et al. [8] (resistant
<18 mm). The two isolates that were classiﬁed as
susceptible belonged to clonal lineage ST45. The
sensitivity was slightly lower (97%) when Iso-
Sensitest agar was used with the zone diameter
interpretations suggested by the SRGA (resistant
<22 mm). Three of the four isolates that were
classiﬁed as susceptible belonged to clonal lineage
ST45, and one belonged to clonal lineage ST80.
In summary, susceptibility tests for detection of
MRSA based on oxacillin MICs should always be
supplemented with an appropriate MRSA screen-
ing test. Use of oxacillin 1-lg disks, a conﬂuent
inoculum and Mueller–Hinton agar, as well as the
use of 30-lg cefoxitin disks according to CLSI
recommendations, or 10-lg cefoxitin disks and a
semi-conﬂuent inoculum according to the DIN or
SRGA standard, detects low-level oxacillin-resist-
ant S. aureus with sufﬁcient sensitivity. However,
consideration of the agar medium used (Mueller–
Hinton or IsoSensitest agar) is crucial when
interpreting zone diameters.
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